The phase equilibria for the extraction of aromatics from petroleum naphtha reformats (with a boiling range of 338-403K) using a mixed solvent of 1-cyclohexyl-2-pyrrolidone (CHP) and triethylene glycol (TEG) have been correlated using the universal function-group activity coefficients model (UNIFAC) group contribution model. The interaction parameters of CHP and TEG with different hydrocarbon groups present in the reformate such as CH2 (paraffinic CH2), ACH (aromatic CH), and ACCH2 (aromatic CCH2) and each of the two solvents have been fitted to the experimental concentrations of ternary systems that contain these groups.
The phase equilibria for the extraction of aromatics from petroleum naphtha reformats (with a boiling range of 338-403K) using a mixed solvent of 1-cyclohexyl-2-pyrrolidone (CHP) and triethylene glycol (TEG) have been correlated using the universal function-group activity coefficients model (UNIFAC) group contribution model. The interaction parameters of CHP and TEG with different hydrocarbon groups present in the reformate such as CH2 (paraffinic CH2), ACH (aromatic CH), and ACCH2 (aromatic CCH2) and each of the two solvents have been fitted to the experimental concentrations of ternary systems that contain these groups.
The extraction runs have been carried out at different temperatures, solvent compositions, and solvent-to-feed ratios. Experimental results were compared favorably with these predicted from the UNIFAC method.
The optimum extraction conditions were determined by calculation of the minimum energy of separation. In this study these conditions were found to be at a 74%TEG solvent with a solvent-to-feed ratio of 5.6 on volume basis and at extraction temperature of 322K.
Introduction
The extraction of aromatics (benzene, toluene, and xylene (BTX)) from naphtha reformates has been commercially practiced for the last few decades and several commercial processes are available1).
The first efficient method of BTX extraction was the "Volex" process, using a glycolbased solvent.
It was superior because, for the first time, a wide-boiling feed-stock could be treated directly to yield BTX aromatics of high purity without expensive pre-fractionation. Another BTX extraction process is the Shell process which is based on sulfolane, but several other solvents are also available to the industry. Union Carbide has selected tetraethylene glycol as the best glycol for its "Tetra" process. The "Arosolvan" process uses n-methyl pyrrolidone (NMP). However, the studies of the phase equilibria of these aromatics with solvents and other hydrocarbons present in the naphtha reformate are not available in the literature.
This work takes advantage of the development of the universal function-group contribution model (UNIFAC)2)
for the prediction of phase equilibria in order to find the optimum conditions for the extraction of aromatics from petroleum naphtha reformate using a mixed solvent of CHP and TEG.
Mixed solvents are usually used to compromise between the desired properties of the two or more solvents.
Some mixed solvents are essential for use in practical extraction processes3). 1-Cyclohexyl-2-pyrrolidone is a highly capacitive solvent (and therefore, with low selectivity for aromatics extraction).
It is not practical to use CHP alone because of its low selectivity. different solvent-to-feed ratios.
Experimental Section
2.1. Chemicals The extraction runs were carried out using a petroleum naphtha reformate with a boiling range of (338-403K) and a specific gravity of 0.787. Table 1 shows the composition of this reformate as analyzed by gas chromatography and the number of functional groups present in each of its constituents.
The TEG and CHP with a purity >98%
(wt%) were supplied by Fluka. The specific gravities of TEG and CHP were 1.120 and 1.029, respectively.
2.2.
Determination of Critical Solution Temperature In order to find applicable extraction temperatures, the miscibilities and critical solution temperatures (CST) were measured for different solvent-to-feed ratios. The miscibilities were measured by adding a known volume of solvent to a known volume of reformate and mixing the two phases completely in a 75ml vial.
A magnetic stirrer/heater was used to raise the mixture's temperature gradually.
The miscibility temperature was marked as the point where the turbidity of the mixture disappeared and the two phases became completely miscible in each other. 
Measurements of Phase Compositions
A Chrompack CP9001 gas chromatograph was 0.32mm ID) and an FID detector at 573K with an inlet pressure of 35kPa.
The column was coated injection temperature was 573K. The oven temperature was programmed in two ranges. The first range of oven temperature was 318-393K with a temperature rise of 8K/min. The initial time was 5min and the final time was 15min. The second range of oven temperature was 393-533K with a temperature rise of 15K/min.
The initial time was 15min and the final time was 17min.
Prediction of Phase Equilibria
The UNIFAC model2) was used for the correlation of liquid-liquid equilibrium (LLE) of multicomponent systems.
The correlated phase equilibrium compositions were compared with the experimental data obtained in this work. Assume that a liquid mixture of a known overall composition and temperature has separated into two equilibrium liquid phases. Now it is required to calculate the composition of the two phases using the UNIFAC model4),5).
A material balance on the system gives the following equations: Where, component i in the initial charge (the feed), the extract, and the raffinate phases, respectively. nF is the total number of moles of the initial charge to the cell and nE and nR are the number of moles of the extract phase and the raffinate phase, coefficients of component i in the extract and the raffinate phases, respectively. The activity coefficients can be calculated from the UNIFAC model using an appropriate set of interaction parameters. The R and Q values for the UNIFAC groups included in the studied system are shown in Table 2 .
The UNIFAC equilibrium model is given by6): 
The UNIFAC equation is fitted to the experimental compositions by optimizing the interaction parameters amk. The optimized interaction parameters could be correlated with temperature.
presumed from the ratios of the measured equilibrium compositions, new values of equilibrium compositions can be calculated using Eqs. (3), (5) . The corresponding activity coefficients in each phase is then calculated using the UNIFAC model, and the equilibrium is tested according to Eq. (17).
When the equality in Eq. (17) is achieved with an acceptable tolerance (an absolute relative error of 10-11 between all successive predictions was reached in this work), the lastly calculated mole fractions are then taken as the predicted equilibrium compositions.
Otherwise, the Ki values are corrected by the activity coefficients according to Eq. (17) and the iterative procedure is repeated
1. Determination of Interaction Parameters
To estimate the interaction parameters, three ternary LLE systems were studied at different temperatures.
The ternaries were chosen to cover all the UNIFAC groups included in the ref ormatemixed solvent system as shown in Table 3 . The temperature was maintained constant using a constant temperature jacket around the cell used. The thermostat used for this jacket (Julabu PCrange of 253-373K. The studied ternaries and their equilibrium compositions are shown in Tables 4-6 . The UNIFAC equilibrium model was fitted to the experimental compositions of those ternaries by optimizing its interaction parameters. The objective function used was similar to that used by The values of a0ij and a1ij for each pair are shown in Table 8 .
Discussion of Results
From the critical solution temperatures shown in Fig. 1 , it can be seen that increasing TEG in the solvent increases the critical solution temperature.
This will result in easier separation between the Table  3 The Studied UNIFAC Groups in Each Ternary System a) The listed groups are only the studied ones. Table  4 Liquid-Liquid Equilibria of the Ternary System TEG+Dodecane+Ethyl Benzene Predictions have shown some deviation from the experimental results when treating small concentrations such as those of the aromatics in the extract phase and TEG and CHP in the raffinate phase. The percent root mean square deviation (RMSD) was used to assess this deviation.
An average RMSD value of 3.58% was achieved and considered satisfactory.
The RMSD values and the experimental compositions are shown in Table 9 . Optimized interaction parameters were used to mathematically predict the equilibrium compositions of the reformate/TEG-CHP system using the UNIFAC model.
The equilibrium compositions were predicted for the 2-phase region conditions where at least 25K temperature difference was maintained below the critical solution temperatures as calculated from Eq. (19). The solvent compositions were ranging from 1 to 99% TEG by volume with solvent-to-feed ratios ranging from 1 to 6 on volume basis and temperatures from 298-328K.
The minimum work for phase separation (J/mole of reformate feed) was calculated according to the following formula6):
The Newton search method. The optimum conditions generated by this method at the minimum value of (-Wmin) were found to be at a solvent-tofeed ratio of 5.6, a solvent composition of 74% TEG and 26% CHP on volume basis, and at extraction temperature of 322K.
Conclusions
The 
